Placement and hence performance of many soil and water conservation structures in tropical 13 highlands has proven to be challenging due to uncertainty of the actual location of runoff 14 generating areas in the landscape. This is the case especially in the (sub) humid areas of the 15 Ethiopian highlands, resulting in limited success of such conservation measures. To improve 16 understanding of the effect of land use on spatial and temporal runoff patterns in the 17
L.) crop, with again the non-amended barley plot serving as a control treatment. Barley and 23 lupine crops were assigned randomly to plots; and the same crop was maintained on each plot 24 for two years (2012 and 2013). These crops were chosen as they are widely grown throughout 25 the Ethiopian highlands. Farmers grow lupine as intercrop with cereals (e .g. barley and wheat) 26 or as the sole crop on marginal lands without additional farm inputs. Barley has a fibrous root 27 system, while lupine has deep-rooted system and is widely grown on marginal lands for its 28 leguminous nature. Because of their contrasting root architecture, lupine and barley are 1 expected to have contrasting effects on soil hydraulic properties. 2
Agronomic practices on plots 3
Barley, one of the predominantly grown crops in the watershed (SCRP, 2000) , was grown 4 following local farmers' cultural practices and thus barley plots were tilled in both 2012 and 5 2013. While lupine seedbeds are typically not tilled, tillage was done in 2012 because the plots 6
were originally designated to be sown with alfalfa, another deep rooted crop though one that 7 is always tilled. When the alfalfa did not establish successfully, lupine was sown on the tilled 8 soil shortly after. The next growing season, in 2013, only barley plots were tilled and seeded, 9
while lupine seeds were seeded on untilled plots (the more common practice in the area). Also 10 in line with farmer practices, all barley plots were fertilized with 100 kg/ha Di -Ammonium 11
Phosphate (DAP; 46% Nitrogen, 23% Phosphorous, and 21% Potassium) during seeding, and 12 100 kg/ha of Urea (100% Nitrogen) one month after sowing. Lupine plots were not fertilized. 13 Both fertilization and tillage are different for lupine and barley treatments during the two-14 year study period (2012 and 2013). To distinguish crop effect (barley and lupine crops grown 15 under common practices) from tillage effects, we therefore analyzed data from the two-year 16 study separately. 17
On charcoal-amended barley plots, charcoal was applied at a fixed rate of 12 ton/ha during 18 tillage in 2012 and 2013. Charcoal (prepared from Eucalyptus camaladulensis biomass in a way 19 similar to that described by Bayabil et al. (2015) was manually crushed to obtain relatively 20 uniform particle size (2 mm diameter) and then manually mixed with the top 20 cm of the soil. 21 8
Plot installation and data collection 1
While crop and charcoal treatments were applied to 9 m 2 (3 m wide, 3 m long) areas, runoff 2 was only measured on 4.5 m 2 plots (1.5 m wide, 3 m long) inside these areas, to allow for 3 auxiliary measurements (e.g. soil moisture content) to be taken adjacent to instead of inside 4 the runoff plots and thereby avoid trampling and soil disturbance inside the plots. For this, 5 runoff plot boundaries were installed 0.75 m inside the seeded area from both sides. As 6 illustrated in Fig. 2 , all runoff plots were constructed at the level bottom ends of terraces. The 7 plot boundaries consisted of 50 cm high metal sheets of which 25 cm was below ground and 8 25 cm was above ground, and the lower plot boundaries were reinforced with concrete. A 5-9 cm diameter PVC pipe carried surface runoff into a primary collection tanks (76 L volume). 10
When the primary tanks were full, excess water flowed through divisor slots directing one -11 tenth (10%) of the excess flow into secondary tanks (76 L volume). The tanks were made from 12 barrels cut in half and were covered on the top to minimize evaporation and prevent rainfall 13 entry. 14 All plots were monitored manually for runoff on a daily basis during the monsoon seas on (from 15 June 29 to October 4 in 2012 and from June 25 to October 8 in 2013). When runoff occurred, 16 the depth of water in the two tanks was measured and then the water was drained out 17 through valves fitted at the bottom of the tanks. Daily rainfall totals were measured using a 18 manual rain gauge installed at the weather station situated in the watershed (see Fig. 1b  19 'Weather station'). In addition, during the 2013 growing period, soil moisture content, (g g -20 9 day intervals. To prevent disturbance, samples were taken inside the seeded area but just 1 outside each runoff plot. 2 2.5 Long-term plot runoff and river discharge data 3
In addition to runoff data from the 24 newly installed plots, we obtained long-term data from 4 the Amhara Regional Agricultural Research Institute (ARARI). The data consists of runoff from 5 four long-term 3 m 2 -plots (3 m length, 1 m width; Fig. 1b , 'Permanent plots'), and discharge at 6 the outlet of the watershed (Fig. 1b, ' Gauging station'). To place our newly installed plot-scale 7 runoff observations into a broader and longer-term context, we compared our data with 8 historic plot-scale runoff data available in the watershed for the years 1989 through to 1993. 9
These data were measured on the four 3 m 2 plots that had slopes of 12, 16, 22, and 28%. The 10 16% sloped plot was on grassland, while the other three plots were cultivated with food crops 11 
Data quality control and aggregation 18
To make sure that peaks of daily rainfall and runoff coincided, we checked all daily data visually 19 and by calculating the daily runoff coefficients (Rcoef) using Eq. 1: 20
where runoff is daily runoff (mm/day), and rainfall is daily rainfall amount (mm). same day (i.e. Rcoef > 1). In some cases, large rainfall events were visible that did not produce 5 runoff on the same day, but for which peak runoff appeared on the following day. In other 6 cases, there was more runoff than rainfall without delays (see spikes of blue, green, and red 7 lines in Fig. B1 -B3 in Supplementary material B). Runoff in excess of rainfall can be caused by 8 rainfall and runoff measurement periods that do not coincide. Here, rainfall was measured at 9 8 am every day. The first of the 24 runoff plots was also measured at 8 am but emptying the 10 barrels and scooping out the sediment is time consuming, causing the last plot to be emptied 11 around noon. Rainfall and runoff periods therefore did not exactly coincide, which likely raised 12 problems on days that rainfall occurred between 8 am and 12 pm. Other potential causes for 13 runoff exceeding rainfall are high spatial variation in rainfall that is not picked up by our single 14 rain gauge, and interflow from outside the plot entering the plot during large rainstorms. 15
To reduce the impact of delayed peak runoff, we therefore decided to aggregate rainfall and 16 runoff data over a 3-day period, resolving most of the high runoff coefficients. Yet 47 events 17 (2.6% of total) observed on the 24 plots and recorded on 11 observation days spread over the 18 two-year study period were left with Rcoef > 1 ( deal with such outlier data points would be excluding observations from data analysis. 21
However, to avoid bias between treatments and spatial locations, all observations from those 22 11 days would need to be discarded for all (24) plots, which would result in discarding 264 1 observations. Losing this many observations (14.9% from 1777 total 3-day observations) 2 would considerably reduce the power of our analysis. Thus, to achieve a balance between the 3 number of runoff events remaining for analysis and the objective to analyze large runoff 4 events, the remaining high runoff events (Rcoef > 1) after data aggregation on 3-day intervals, 5
were therefore assigned a maximum value that equals the 3-day rainfall amount -resulting in 6 a runoff coefficient of 1. As such, adjusted 3-day aggregate runoff data were used for all 7 statistical data analyses in this paper. 8
In addition to this analysis of runoff coefficients, to assess the differences in soil water storage 9 between plots, the SCS curve number was fitted to three-day rainfall and three day adjusted 10 runoff data for each treatment type and cropping year using Eq. 2. The SCS equation was 11 effectively used in predicting rainfall-runoff relationships in the Ethiopian highlands (Tilahun, 12 2012) and for different regions in the USA and Australia (Steenhuis et al., 1995) . The SCS curve 13 number equation (Rallison, 1980 ) is represented as: 14
where Q is 3-day runoff (mm) Pe is 3-day rainfall (mm) and S (mm) is potential maximum soil 16 storage. 17
Statistical analysis 18
Data analysis aimed at detecting differences in runoff response between land uses and spatial 19 locations (transects and elevation ranges) during the two-year study period. Statistical data 20 analysis was performed using R (R Development Core Team 2010). To determine the effect of 21 charcoal amendment and deep-rooted lupine as well as spatial location with different soil 22 degradation levels (transects) and slope position, a linear mixed effect model was fitted using 1 the 'nlme' package in R. In this model, crop type, slope position, and transect were used as 2 fixed factors, and individual plots as random factors. For fixed factors with significant effects, 3 post hoc mean comparison tests were performed using the 'lsmeans' package in R to identify 4 group pairs with significant difference. 5
3
Results and Discussion 6 3.1 Plot-scale rainfall-runoff response and effect of charcoal amendment and 7
deep-rooted lupine 8
The adjusted runoff depths during the monsoon seasons of 2012 and 2013 are shown in Fig.  9 3 for all eight groups of plots along the three transects. In 2013, runoff response from lupine 10 plots was considerably greater than barley plots, while in 2012, runoff tended to be more or 11 less similar for all treatments. In addition, a summary of observed rainfall and original (non -12 adjusted) runoff data recorded from all 24 plots is presented in Table 2 . Average monthly 13 experimental station, and found the same "problem" that in many cases there was more 20 runoff than rainfall (Fig. 4a) . This indicates that our daily observations with Rcoef > 1 (Fig. 4b)  21 are real and not caused by measurement errors. This phenomenon of runoff exceeding rainfall 22 has not been reported often for temperate climates, and it is therefore likely that rainfall in 23 monsoon climates is more variable over short distances than rains in temperate climates. 
Plot runoff and outlet discharge 3
All plots on degraded soils along Transect 3 produced significantly greater runoff than plots 4 along the other two transects with relatively deeper soils (Fig. E1 in supplementary material  5 E). While we expected slope position to affect runoff, results from the linear mixed effects 6 model showed that plot-scale runoff responses between slope positions were not significant. 7
Because of this, 2012 and 2013 runoff responses of barley ( both control and charcoal 8 amended) and deep-rooted lupine were grouped by transect and then compared. Statistical  9 test results showed that, for all transects, lupine plots produced significantly more runoff than 10 both the control and charcoal-amended barley plots. Charcoal amendment, on the other 11 hand, caused no significant effects (Fig. 5) . The cumulative runoff for the lupine plots followed 12 the cumulative runoff for the outlet more than the barley plots, particularly in 2013 (Fig. 6) . deviate after approximately 250 mm cumulative rainfall (Fig. 6 ). In agreement with this, a 8 closer look at the plots (Fig. 3) clearly shows that for most of the high rainfall amounts, there 9 is little difference in runoff response between the barley and lupine plots. Only for smaller 10 rain events (approximately < 20 mm) and during the start of the 2013 rainy season (around 11 July 1), runoff from lupine plots exceeded that of barley plots. It is interesting that this is the 12 case for all three transects in 2013, but does not occur in 2012. The only management 13 difference between these two years is that lupine was tilled in 2012 but not in 2013. This 14 implies that tillage resulted in relatively greater soil water storage for lupine plots, and that 15 the difference in rainfall-runoff response between these crop treatments in 2013 may be 16 ascribed to the fact that barley plots were tilled and lupine plots were not. Soil water storage 17 estimated by fitting the SCS-CN equation (Rallison, 1980) confirmed smaller storage for lupine 18 than for barley (Fig. 7) . This would mean that there is very little infiltration in the lupine plots 19 other than to refill the water abstracted by the lupine for evapotranspiration. 20
These findings indicate that both soil degradation status (soil depth) and disturbance (tillage) 21 are important factors affecting rainfall-runoff relationships in the landscape. In addition to 22 tillage activities, inherent differences in plant root morphology (e.g. length and density) 23 between the barley and lupine could likely be another factor. Most of the root masses of 24 barley are located at shallow depths in the upper part of the soil profile (Lugg et al., 1988) and 25 thereby take water from the top soil, whereas lupine roots grow deeper ( Figure F1 in 26 supplementary material F) than barley and extracts water from deeper depths (French and 27 Buirchell, 2005 ). These differences in root water uptake are somewhat visible in slightly 28 greater, albeit not significant, root zone moisture readings (measured from the top 20 cm) 29 observed for lupine plots beginning in August in 2013 ( Figure G1 in supplementary material  1 
G). 2
It is important to note that the fact that lupine did not decrease runoff during this study period 3 does not imply it would not reduce runoff in the long-term. When the roots of lupine 4 decompose, it is likely that biopores and channels would be created (as reported by Meek et 5 al. (1992) and Lesturgez et al. (2004) and that the resulting high vertical and lateral continuity 6 improves the network of macropores (Yunusa and Newton, 2003) , which would result in 7 reduced surface runoff and associated erosion. 8
Conclusions 9
We set out to investigate the factors that control runoff initiation by investigating the effects 10 of soil degradation status, landscape position, and different land uses (barley with and without 11 charcoal, and deep-rooted lupine crop) on spatial and temporal rainfall-runoff relationships. 12
We observed and analyzed the discharge of 24 runoff plots installed in groups of three in three 13 transects over a 2-year period. Each group consisted of plots grown with lupine with no 14 amendment, barley with no amendment, and barley with a charcoal amendment. Monsoonal 15 rains are highly variable even over short distances, and in several cases there was more runoff 16 from the plot than rainfall at the rain gauge. In general, we found that: First, watershed 17 detention storage increased during the first half of the rainy phase and plot -scale runoff 18 depths exceeded those at watershed-scale. The opposite was true later on in the rainy phase 19 due to the occurrence of baseflow at the watershed outlet. Second, under the commonly 20 applied cropping practices (tillage for barley, no tillage for lupine), runoff was greater for 21 lupine than barley. Especially, during small rainfall events (approximately < 20 mm) in 2013, 22
runoff from non-tilled lupine plots exceeded that of tilled barley plots. Charcoal amendment 23 tended to decrease runoff but results were not significant. Third, plot-scale rainfall-runoff 24 relationships are greatly affected by root-zone soil water storage capacity, which is directly 25 affected by a range of factors including soil degradation and the amount of water than can 26 percolate to deeper soil layers, tillage practices and fertilization (that were different for lupine 27 and barley treatments), and root morphology of crops (e.g. root length and density). 28
In the near term, the decreased soil water storage for lupine than for barley crops in this region 1 implies that lupine has a smaller rainfall threshold for runoff initiation. In the long term 2 however, lupine may have the potential to actually reduce runoff by improving infiltration 3 rates through the creation of bio-pores once its large taproot decomposes ( Figure F1 in  4 supplementary material F). The long-term impact of lupine cropping on runoff processes 5 therefore requires further investigation. Understanding the drivers of hardpan formation and 6 permeability is essential for the development of management approaches that can effectively 7 tackle hardpan occurrence and its hydrologic impacts, in order to ultimately reverse the land 8 degradation trend and reduce erosion. and that better use of green water (rainfall) for smallholder agriculture systems in the 12
Ethiopian highlands could be achieved by decreasing runoff by increasing the storage of water 13 in the root zone. However, more research has to be done how best to achieve the latter. 
